Despite the potentially profound impact of genetically modified crops on agriculture and the environment, we know little about their long-term effects. Transgenic crops that produce toxins from Bacillus thuringiensis (Bt) to control insects are grown widely, but rapid evolution of resistance by pests could nullify their benefits. Here, we present theoretical analyses showing that long-term suppression of pest populations is governed by interactions among reproductive rate, dispersal propensity, and regional abundance of a Bt crop. Supporting this theory, a 10-year study in 15 regions across Arizona shows that Bt cotton suppressed a major pest, pink bollworm (Pectinophora gossypiella), independent of demographic effects of weather and variation among regions. Pink bollworm population density declined only in regions where Bt cotton was abundant. Such long-term suppression has not been observed with insecticide sprays, showing that transgenic crops open new avenues for pest control. The debate about putative benefits of Bt crops has focused primarily on short-term decreases in insecticide use. The present findings suggest that long-term regional pest suppression after deployment of Bt crops may also contribute to reducing the need for insecticide sprays. G enetically engineered crops have quickly become a significant component of agriculture, but little is known about their long-term consequences. Transgenic cultivars of cotton and maize that produce toxins from Bacillus thuringiensis (Bt) to control insect pests were grown on 12 million hectares worldwide during 2001 (1). A major concern is that rapid evolution of resistance by pests could nullify the benefits of Bt crops (2-6). It has also been proposed, however, that Bt crops imposing high mortality could cause regional suppression of target pests before resistance occurs (6-9). This would be most likely for target pests with a narrow host range, because their diet would be affected most by Bt crops. Here we report results of a large-scale 10-year study revealing that extensive use of Bt cotton in Arizona caused regional suppression of pink bollworm (Pectinophora gossypiella), an ecological specialist on cotton (10).
G
enetically engineered crops have quickly become a significant component of agriculture, but little is known about their long-term consequences. Transgenic cultivars of cotton and maize that produce toxins from Bacillus thuringiensis (Bt) to control insect pests were grown on 12 million hectares worldwide during 2001 (1) . A major concern is that rapid evolution of resistance by pests could nullify the benefits of Bt crops (2) (3) (4) (5) (6) . It has also been proposed, however, that Bt crops imposing high mortality could cause regional suppression of target pests before resistance occurs (6) (7) (8) (9) . This would be most likely for target pests with a narrow host range, because their diet would be affected most by Bt crops. Here we report results of a large-scale 10-year study revealing that extensive use of Bt cotton in Arizona caused regional suppression of pink bollworm (Pectinophora gossypiella), an ecological specialist on cotton (10) .
Pink bollworm moths emerge in the spring, and four to five generations are completed before winter diapause begins (10) . Population growth is exponential in non-Bt cotton fields where the pink bollworm is virtually always present. Survival of pink bollworm larvae is Ͻ0.5% in Bt cotton fields (3) . We hypothesized that regional declines in pink bollworm density would occur because deployment of Bt cotton reduces the number of source habitats (non-Bt cotton fields) and the net reproductive rate of migrants from source habitats. Accordingly, we expected a density decline in regions where a threshold use of Bt cotton was exceeded (Fig. 1) . To test this hypothesis, we evaluated changes in pink bollworm population density related to abundance of Bt cotton in each of 15 cotton-growing regions in Arizona during the 5 years before and the 5 years after deployment of Bt cotton.
Materials and Methods
Pheromone Trapping. We used pheromone traps to monitor pink bollworm overwintering population density during spring from 1992 to 2001 across 15 cotton-growing regions (412-4,350 km 2 per region) in Arizona. Pheromone trap catch in the spring reflects population density later in the season (10, 11) . More This paper was submitted directly (Track II) to the PNAS office.
Abbreviation: Bt, Bacillus thuringiensis. † To whom correspondence should be addressed. E-mail: ycarrier@ag.arizona.edu. Fig. 1 . Effect of Bt crop abundance on population density in a deterministic (a) and spatially explicit, stochastic (b) model. (a) Density decreases at values of emigration (e) and proportion of Bt cotton above and to the right of the curves associated with each value of Ro (net reproductive rate). Ro values are shown to the left of each curve. For example, with Ro ϭ 1.11 and e ϭ 0.2, density decreases if proportion of Bt cotton exceeds 0.5 (Eq. 5). (b) Density 3 years after deployment of Bt cotton. Declines in density were associated with reductions in insecticide sprays. F represents female daily fecundity and e represents adult emigration rate from natal fields. With e ϭ 0.1, 10% of the moths emigrated mainly to contiguous fields. With e ϭ 0.9, 90% of the moths dispersed up to four fields away. Symbols represent average population density for two simulations. Filled circles: F ϭ 8, e ϭ 0.1; open circles: F ϭ 8, e ϭ 0.9; filled triangles: F ϭ 12, e ϭ 0.1; open triangles: F ϭ 12, e ϭ 0.9. than 1,100 pheromone traps were set near cotton fields each year across the 15 regions (12, 13) . Trapping started after an accumulation of 500 heat units. Cumulative trap catch up to an accumulation of 1,900 heat units was used to estimate density of the first overwintering generation (13) . For each region and year, traps that had more than three missing records were excluded. In a given year, only regions with records for more than nine traps were considered (range, 10-340). After applying these criteria, the mean number of traps included in the analyses per year was 855.
Weather Data. Evapotranspiration measures the amount of rainfall returned to the atmosphere, which increases as temperature and precipitation increase (14) . Evapotranspiration data were obtained from meteorological stations located in each of the regions (15) . From 1991 to 2000, we calculated cumulative evapotranspiration occurring between November 1 and January 31 (winter) and between February 1 and March 31 (spring). These periods respectively correspond to larval diapause in the soil and onset of moth emergence (16, 17) . Although some moths start to emerge from diapause in February-March, most moth emergence occurs in April-May in Arizona (16, 17) .
Deployment of Bt Cotton. The proportion of Bt cotton used between 1992 and 1995 was essentially 0 in all regions. Bt cotton was used on a large scale for the first time in Arizona in 1996. Geographic Information System (GIS) technology was used to measure the proportion of Bt cotton in the regions from 1998 to 2000 (12) . The correlation between the proportion of Bt cotton used in the regions between 1998 and 1999 and 1999 and 2000 was very high (r ϭ 0.99 and 0.92, respectively; P Ͻ 0.0001 in each case). Thus, among-region differences in use of Bt cotton were stable from year to year. No GIS maps were available to evaluate the proportion of Bt cotton used in 1996 and 1997. The average proportion of Bt cotton used in Arizona in 1996, 1997, and 1998 was 20, 50, and 56%, respectively (4, 18) . We thus estimated the proportion of Bt cotton in each region in 1996 and 1997 by multiplying the 1998 proportions obtained from the GIS map by 0.35 (i.e., 0.20͞0.56) and 0.89 (i.e., 0.50͞0.56), respectively. This assumes that the among-region differences in use of Bt cotton remained stable between 1996 and 1998.
Multiple Regression Analysis. Overwintering density was estimated by averaging the number of moths captured per week in pheromone traps in each region and year. Statistical independence among regions was assessed with the observed Pearson correlation coefficients between overwintering densities (log transformed) in all pairs of regions. Data for years preceding deployment of Bt cotton and regions with more than four density estimates were used to estimate the correlation coefficients. Six of 45 (i.e., 0.13) correlation coefficients had an associated P value of Յ0.10. This proportion is similar to the expected Type 1 error rate, suggesting that yearly changes in overwintering density occurred independently in the regions.
Multiple regression was used to analyze variation in overwintering density (log transformed): the explanatory variables were region, evapotranspiration in the winter and spring preceding moth emergence, and proportion of Bt cotton (arcsine square root transformed) in the year preceding emergence. Nonparametric run tests were used to assess the potential lack of independence that could result from serial correlation in the residuals within a region (19, 20) . The nonparametric tests were performed only for regions with data for 8 or more consecutive years. No lack of independence was detected within any region (n ϭ 9, all P Ͼ 0.17), and hence no adjustment for serial correlation was needed in the multiple regression analysis.
Population Dynamics Models. Deployment of a Bt crop directly reduces the number of source habitats (non-Bt crop fields) for pest specialists. Moreover, many pests, including the pink bollworm, do not discriminate for oviposition between Bt and non-Bt cultivars (21) . Thus, when transgenics are abundant, females emigrating from a source habitat have a higher probability of laying eggs in sink habitats (Bt crop fields). To understand how these two mechanisms reduce population density, we analyzed a simplified deterministic model and a spatially explicit, biologically rich, stochastic model. Deterministic model. Following basic metapopulation models, we assume that all fields are identical and equally connected to each other (22, 23) . Transgenic systems are fine-grained: a refuge of a non-Bt crop is planted near every field of a Bt crop. Thus, we assume that increased habitat fragmentation due to deployment of a Bt crop does not affect extinction and colonization of non-Bt crop fields. Population growth is density independent, and generations are discrete and continuous (i.e., no diapause). Hence, the number of adult pests in a non-Bt crop field at time t ϩ 1 (N tϩ1 ) depends on population size at time t (N t ), the net reproductive rate (Ro) in a non-Bt crop field, the proportion of females emigrating from a non-Bt crop field before reproduction (or the proportion of eggs laid outside the non-Bt crop field) (e), the total number of fields in the region (NF), and the proportion of fields planted to the non-Bt crop (pnon):
[1]
Rearranging, we obtain
Because 1 Ϫ pnon is the proportion of fields planted to a Bt crop (pBt), this simplifies to
Thus, the proportion of females that move to Bt crop fields (Nt Ro e pBt) reduces population size in a non-Bt crop field at time t ϩ 1 (Nt Ro). Substitution and rearrangement show that the change in population size from t to t ϩ 1 is
Given that N t is Ͼ0, the direction of change in density depends on [Ro (1 -e pBt) -1] . If this term is Ͼ0, population size increases; if it equals 0, the population is stable; and if it is Ͻ0, population size decreases. Rearranging, population size decreases if
Thus, population size in a non-Bt crop field is more likely to decrease as abundance of a Bt crop and the emigration rate increase and as the net reproductive rate decreases. Specifically, population size decreases if pBt is greater than the threshold value indicated in Eq. 5. This analysis extends to population size of an entire region by multiplying the change in Eq. 4 by the number of non-Bt crop fields in the region. Thus, the term in brackets [Ro (1 -e pBt) -1] determines the direction of change in regional population size, whereas the rate of change also depends on the number of non-Bt crop fields and the population size in a non-Bt crop field at time t (F pnon N t ). Stochastic model. As in similar spatially explicit models (24, 25) , the patchwork of Bt and non-Bt cotton fields are represented as a lattice of 100 fields on a 10 ϫ 10 grid. Adult and larval survival are parameterized according to pink bollworm life history. Generations are continuous, time is incremented by day, and insect development and plant phenology are driven by accumulation of degree-days. Temperature on each day is based on daily averages recorded between 1961 and 2001 in Maricopa County, AZ (15) . Adults move between fields once after emergence. Movement is described by a bivariate normal distribution with mean zero and a standard deviation proportional to dispersal potential. Females lay a specified number of eggs each day. Density-independent mortality of larvae takes place immediately after eggs are laid and density-dependent mortality occurs after the number of larvae exceeds an economic threshold. If a field exceeds the threshold, an insecticide targeting eggs and adults is sprayed. Overwintering mortality occurs at the end of the year after completion of five generations.
Simulations are initiated by letting the model run for 4 years with no Bt cotton to allow population dynamics to settle. At the start of year 5, a specified proportion of the fields are planted with Bt cotton. The number of overwintering individuals surviving in each field and the total number of insecticide sprays per non-Bt cotton field are recorded for the next 3 years.
Results and Discussion
Temperature and rainfall can affect pink bollworm overwintering survival (26) . We therefore used multiple regression to assess the association between regional spring density and four explanatory variables: region, evapotranspiration in the winter preceding moth emergence, evapotranspiration in the spring preceding moth emergence, and regional abundance of Bt cotton in the year preceding moth emergence. Density of the first spring generation varied among regions during the 10 years (df ϭ 14 and 109, F ϭ 2.64, P ϭ 0.0025), indicating that among-region differences other than variation in weather and use of Bt cotton affected pink bollworm density. Density was negatively associated with winter evapotranspiration (slope ϭ Ϫ0.051, t ϭ Ϫ2.12, P ϭ 0.036) and positively associated with spring evapotranspiration (slope ϭ 0.058, t ϭ 2.47, P ϭ 0.015). Thus, winters colder and drier or springs warmer and wetter than usual were associated with the largest overwintering populations. Independent of variation among regions and in weather, a negative association occurred between the regional proportion of Bt cotton and regional pink bollworm density in the next year (slope ϭ Ϫ0.19, t ϭ Ϫ3.40, P ϭ 0.0009). This suggests that deployment of Bt cotton reduced pink bollworm density. To further investigate this possibility, we fitted a new multiple regression model, this time including only region, winter evapotranspiration, and spring evapotranspiration as explanatory variables. Residuals from this model represent regional population density estimates from which the effects of region and weather have been removed. Bt cotton was relatively rare in 1996 (Fig. 2) , the first year that transgenics were commercialized in Arizona. The association between regional use of Bt cotton in 1996 and residual density in 1997 was positive. Thus, Bt cotton used in 1996 did not have negative demographic effects in the next year. Rather, the positive residuals in all regions indicate that after accounting for weather and regional effects, pink bollworm was unusually common across Arizona in 1997. In the high-density regions, the proportion of Bt cotton roughly doubled from 1996 to 1997 and remained high thereafter (Fig. 2) . The slope of the regression between use of Bt cotton in 1997 and density in 1998 was not different from zero, indicating that negative effects on population growth had started in regions where transgenics were most abundant (Fig. 2) . Deployment of Bt cotton from 1998 to 2000 was negatively associated with residual density in the next year. Thus, extensive use of Bt cotton reduced pink bollworm population growth.
To evaluate the effect of Bt cotton on regional population trajectory, we compared least-squares estimates of the slope between residual density and year in each region (Fig. 3) for the period before (1992) (1993) (1994) (1995) (1996) (1997) and after (1998) (1999) (2000) (2001) initiation of the reductions in population growth (Fig. 2) . The difference between the before and after slope in each region evaluates the extent of change in population growth resulting from deployment of Bt cotton. For example, in region 321, where Bt cotton was rare (Fig. 3) , the slope was 0.096 before and 0.19 after. The increase in slope (0.094) indicates that use of Bt cotton did not reduce population growth in that region. In contrast, the slope decreased by 0.65 in region 302, where Bt cotton was abundant, indicating a large reduction in population growth there (Fig. 3) . The association between the change in slope and regional use of Bt cotton is well described with a quadratic model (Fig. 4) . Thus, consistent with predictions from models ( Fig. 1) , negative effects on population growth occurred only in regions where Bt cotton was used most.
The association between regional use of Bt cotton and average regional spring density between 1992 and 1995 was positive (Fig.  5) . Thus, producers used more Bt cotton in regions where pink bollworm infestations had been highest before commercialization of Bt cotton. On the other hand, the significant negative quadratic relationship between regional use of Bt cotton and average regional spring density between 1999 and 2001 shows that the populations declined only in regions where Bt cotton was used most (Fig. 5) . Indeed, relative to mean pink bollworm population densities in Arizona, high use of Bt cotton transformed regional infestations from high to low (Fig. 5) . The relationship in Figs. 4 and 5 suggests that the threshold value for Bt cotton use leading to regional population declines (Fig. 1) is Ϸ0.65.
Unlike Bt cotton, insecticide sprays have not caused long-term suppression of pink bollworm in Arizona (10) . Although sprayed insecticides degrade rapidly and do not kill larvae feeding inside cotton bolls, Bt cotton produces toxin all season and causes Ͼ99.5% larval mortality in bolls (3). Whereas some insecticide sprays worsen pest problems by killing predators and parasitoids, Bt cotton has little or no direct toxicity to most arthropod natural enemies (27) . Nonetheless, evolution of resistance, which has limited suppression of pests by insecticides, would also eliminate the benefits of Bt cotton (28) . In contrast to pink bollworm, which is an ecological specialist with relatively low net reproduction spread among many fields (10, 12) , pests that are generalists (29) (30) (31) , sedentary, or have high reproductive rates ( Fig. 1) are less likely to suffer from long-term suppression caused by Bt.
Control of pink bollworm by Bt cotton has helped to substantially reduce insecticide use in Arizona (12) . The long-term regional suppression of pink bollworm reported here may further reduce insecticide use and enhance implementation of the refuge strategy, which is mandated by the U.S. Environmental Protection Agency for delaying evolution of pest resistance to Bt cotton (2) (3) (4) (5) (6) (7) (8) . This strategy requires that growers plant refuges of non-Bt cotton to promote survival of susceptible pests. By fostering long-term population declines, Bt cotton could reduce the need for pink bollworm control, thereby facilitating deployment of larger refuges and reducing the risk of resistance. Fig. 4 . Association between regional proportion of Bt cotton (pBt as in Fig.  3 ) and change in population growth. The dotted line indicates no demographic effect of Bt cotton. A negative change in slope denotes a regional decline in population growth (see text). Two regions were excluded because they had fewer than three residuals in the period before or after initiation of reductions in population growth (Fig. 2) . The significant quadratic term (coefficient of quadratic term ϭ Ϫ0.00016, t ϭ Ϫ2.67, P ϭ 0.024; linear term ϭ Ϫ0.0075, t ϭ Ϫ3.51, P ϭ 0.0057) shows that a reduction in population growth occurred only in regions where Bt cotton was abundant. Fig. 5 . Association between regional proportion of Bt cotton (pBt as in Fig.  3 ) and average regional spring density before and after use of Bt cotton. One region was excluded because we had no estimate of its density before 1997. Average regional proportion of Bt cotton from 1997 to 2000 was positively associated with average regional spring density between 1992 and 1995 (log transformed, open circles, dotted line, slope ϭ 0.0054, t ϭ 2.53, P ϭ 0.027) and negatively associated with average regional spring density between 1999 and 2001 (log transformed, filled circles, solid line, linear term ϭ Ϫ0.0071, t ϭ Ϫ3.40. P ϭ 0.0059 and quadratic term ϭ -0.00014, t ϭ Ϫ2.35, P ϭ 0.038).
